Ocean acidification from the uptake of anthropogenic CO 2 is expected to have deleterious consequences for many calcifying marine animals. Forecasting the vulnerability of these marine organisms to climate change is linked to an understanding of whether species possess the physiological capacity to compensate for the potentially adverse effects of ocean acidification. We carried out a microarray-based transcriptomic analysis of the physiological response of larvae of a calcifying marine invertebrate, the purple sea urchin, Strongylocentrotus purpuratus, to CO 2 -driven seawater acidification. In lab-based cultures, larvae were raised under conditions approximating current ocean pH conditions (pH 8.01) and at projected, more acidic pH conditions (pH 7.96 and 7.88) in seawater aerated with CO 2 gas. Targeting expression of ~1000 genes involved in several biological processes, this study captured changes in gene expression patterns that characterize the transcriptomic response to CO 2 -driven seawater acidification of developing sea urchin larvae. In response to both elevated CO 2 scenarios, larvae underwent broad scale decreases in gene expression in four major cellular processes: biomineralization, cellular stress response, metabolism and apoptosis. This study underscores that physiological processes beyond calcification are impacted greatly, suggesting that overall physiological capacity and not just a singular focus on biomineralization processes is essential for forecasting the impact of future CO 2 conditions on marine organisms. Conducted on targeted and vulnerable species, genomics-based studies, such as the one highlighted here, have the potential to identify potential 'weak links' in physiological function that may ultimately determine an organism's capacity to tolerate future ocean conditions.
INTRODUCTION
Ocean acidification (OA) has been recently recognized as one of the most pervasive and potentially damaging anthropogenic impacts on life in oceans (Halpern et al., 2008) . Acting as a sink for atmospheric carbon dioxide (CO 2 ), within the last 200 years the oceans have absorbed approximately 50% of anthropogenic CO 2 emissions (Sabine et al., 2004) . Elevated atmospheric CO 2 dissolves into seawater driving a chemical equilibrium such that the pH of the ocean becomes less alkaline. Awareness of the potentially deleterious effects of OA, perhaps raised most notably by Kleypas et al. in 1999 (Kleypas et al., 1999 , was a driver for research that has now demonstrated significant impacts on important marine calcifiers, largely because of the sensitivity of calcification rates to elevated CO 2 [summarized by Fabry et al. (Fabry et al., 2008) and Doney et al. (Doney et al., 2009)] . Given the measured impacts of low pH seawater on organismal function (Seibel and Walsh, 2003; Pörtner et al., 2005) , and the dominance of calcifying organisms in many, if not most, marine ecosystems, the vulnerability of entire marine communities in the face of OA is apparent. Ecosystems ranging from polar oceans to tropical coral reefs are threatened (Guinotte and Fabry, 2008) . In fact, very recent studies in the field have provided some of the first potential direct links between OA and shifting marine communities, illustrating how organismal physiology, driven by changes in ocean partial pressure of CO 2 (P CO2 ), will influence the structure of future marine ecosystems (Manno et al., 2007; Cooper et Increasingly, it is apparent that physiologists have an important role in understanding the ecological consequences of global climate change (e.g. Pörtner, 2008; Pörtner and Farrell, 2008; Widdicombe and Spicer, 2008) . Of critical importance to our understanding of the vulnerability of organisms to OA is whether particular species currently possess the physiological capacity to compensate or adjust for the potentially deleterious impacts of OA, what the costs of this compensation might be, and furthermore, whether populations have sufficient genetic variation and time to adapt to these unprecedented rates of climate change (e.g. Hoegh-Guldberg et al., 2007; Bell and Collins, 2008 ). An important first step is being able to identify key physiological mechanisms that may underlie an organism's ability or inability to cope with the unprecedented rate of change in ocean chemistry. From an organismal perspective, an accumulating body of research suggests that many taxonomic groups stand to be impacted with effects ranging from changes in calcification (Riebesell et al., 2000; Langdon and Atkinson, 2005; Gazeau et al., 2007; Kurihara et al., 2007; Iglesias-Rodriguez et al., 2008; Kuffner et al., 2007) , growth (Harris et al., 1999; Michaelidis et al., 2005; Shirayama and Thornton, 2005; Berge et al., 2006; Hauton et al., 2009) , metabolism (Reipschläger and Pörtner, 1996; Pörtner et al., 1998; Michaelidis et al., 2005; Rosa and Seibel, 2008) , reproduction and development (Kurihara and Shirayama, 2004; Kurihara et al., 2007; Mayor et al., 2007; Dupont et al., 2008) , survival (Watanabe et al., 2006; Dupont et al., 2008) and photosynthesis (Fu et al., 2007) . These initial, descriptive studies provide us with important insight into the potential impacts of elevated CO 2 on the function of marine organisms.
Research addressing the physiological mechanisms underlying long-term or chronic sensitivity to the altered ocean chemistry that characterizes OA is less numerous. There is, however, substantial literature from comparative physiologists on the acute effects of hypercapnia, or high P CO2 , on marine organisms (Cameron, 1986; Truchot, 1987; Heisler, 1989; Pörtner, 2008) . Although these hypercapnic exposures are very high compared to the levels predicted for OA (e.g. 10,000 p.p.m. CO 2 , more relevant to carbon sequestration, as compared with 1000 p.p.m. CO 2 , a likely emission scenario predicted by the Intergovernmental Panel on Climate Change for 2100), these studies have provided information on the mechanisms underlying acid-base regulation and the other closely coordinated physiological processes such as ion regulation, metabolism and protein synthesis (for a review, see Pörtner et al., 2005) . These studies have highlighted that calcifying as well as non-calcifying, organisms show many similar responses to elevated CO 2 , suggesting that the unifying physiological mechanisms underlying sensitivity to OA are more a direct result of the low pH and increased P CO2 than the decreased availability of carbonate ion in the oceans. Although there is no doubt that elevated CO 2 has dramatic impacts on calcification, it is known that the transport of carbon across epithelia to sites of calcification in a diversity of taxa is generally in the form of bicarbonate (HCO 3 -) and not carbonate (CO 3 2-) (e.g. McConnaughy and Whelan, 1997; Cohen and McConnaughy, 2003; Wilt, 2005) . Taken together these findings provide strong evidence that research needs to expand its focus beyond calcification to investigate additional physiological processes if we are to understand the mechanisms underlying sensitivity of marine organisms to OA.
In the post-genomic era, we have access to a number of sensitive genomics-enabled techniques to investigate simultaneously the molecular response of many cellular pathways to a common stressor. Although there are a diversity of mechanisms for regulating cellular pathways (e.g. through allosteric modulation or mass action) gene regulation is one of the most rapid and versatile ways in which an organism can respond to an environmental stressor. Since the ability of an organism to adjust to a changing environment will be driven by complex changes in gene regulatory networks and subtle changes in numerous cellular pathways, the use of genomics tools will be particularly useful in elucidating the early responses to OA. Suites of differentially regulated genes can provide a physiological signature of organismal condition as well as uncover the molecular mechanisms conferring physiological plasticity (Gracey, 2007) . DNA microarrays provides us with a great deal of information on the variance in the transcriptome, or the suite of mRNA transcripts expressed in the cell at a given time. The use of array-based transcriptomics has been a very fruitful avenue of research to understand the molecular responses to a variety of environmental stressors in the lab, such as temperature change (Gracey et al., 2004; Buckley et al., 2006; Teranishi and Stillman, 2007; DeSalvo et al., 2008) , osmotic stress (Evans and Somero, 2008) , and hypoxia (Gracey et al., 2001; Olohan et al., 2008) . More recently this transcriptomics approach has been implemented successfully in field studies providing us with gene expression profiles of organisms undergoing natural changes in their environment and subsequently insight into what aspects of environmental change the animal is responding to (e.g. Gracey et al., 2008; Place et al., 2008) . Gene expression studies are an excellent approach for understanding the broad and integrated responses to OA that are initiated at the level of the transcriptome. In turn, these types of data can inform us about physiological thresholds of present day populations and their potential to tolerate future climate change scenarios.
In this study, we have used gene expression profiling in a marine calcifier, larvae of the purple sea urchin, Strongylocentrotus purpuratus, a key benthic invertebrate in coastal temperate ecosystems of North America (Pearse, 2006) , to begin to explore the physiological mechanisms that may underlie tolerance to future OA conditions. These larvae are ideal for this study because larval echinoderms are well known to show distinct plasticity in their developmental trajectories (Hart and Strathmann, 1994) , their calcite skeletons and body form in general are altered under low pH and low carbonate conditions (Kurihara, 2008; DuPont et al., 2008; O'Donnell et al., 2009b) and the genome of the purple sea urchin has been sequenced and largely annotated (Sea Urchin Genome Sequencing Consortium, 2006) Using atmospheric CO 2 emission scenarios predicted for the year 2100 by the Intergovernmental Panel on Climate Change (IPCC) as an experimental framework (Intergovernmental Panel on Climate Change, 2007), we raised urchin larvae under different atmospheric CO 2 conditions and used a DNA oligonucleotide microarray to profile gene expression in early prism larvae, an early development stage that is entering a rapid stage of growth and actively synthesizing a CaCO 3 endoskeleton. This study provides a high-resolution method of examining the sub-lethal effects of CO 2 -driven seawater acidification at the molecular level and allows us to begin to identify the cellular pathways that are involved in the purple urchin's capacity to respond to future climate change.
MATERIALS AND METHODS Urchin collection and spawning
Adult Strongylocentrotus purpuratus Stimpson 1857 were collected by SCUBA divers around Goleta Pier (Goleta, CA, USA) and maintained in flowing seawater tables at 15-16°C in the Marine Science Institute at the University of California Santa Barbara for 2 days prior to spawning. Spawning was induced by coelomic injection of 0.5 mol l -1 KCl following standard methods (Strathmann, 1987) . Eggs were collected from three females and separately fertilized by sperm from a single male. This resulted in three replicate urchin cultures in which larvae within a culture were full-siblings and larvae between cultures were half-siblings. Only batches of eggs with a fertilization rate of at least 95% were used for experimentation to ensure selection of good quality embryos.
CO 2 incubations of larval sea urchin cultures
Larval S. purpuratus were cultured in seawater bubbled with three different concentrations of CO 2 , which were chosen to reflect the CO 2 emission scenarios predicted by the Intergovernmental Panel on Climate Change (Intergovernmental Panel on Climate Change, 2007) for the year 2100. Culture chambers were aerated continuously with commercially manufactured air premixed at these three different concentrations: 380 p.p.m. CO 2 (present day atmospheric CO 2 level), ~540 p.p.m. CO 2 , an optimistic atmospheric CO 2 concentration predicted by the IPCC (B1 scenario) and ~1020 p.p.m. CO 2 , a more 'business as usual' emission scenario (A1FI). The above CO 2 aeration regimes resulted in seawater in which our three larval treatment groups were raised, having the following pHs: pH 8.01±0.01 for the 380 p.p.m. CO 2 condition (Control CO 2 ), pH 7.96±0.01 for the 540 p.p.m. CO 2 condition (Moderate CO 2 ), and pH 7.88±0.02 for the 1020 p.p.m. CO 2 condition (High CO 2 ).
Larvae were cultured in a 15 l nested bucket culture chamber design. The internal bucket was drilled with twelve 3 inch (7.5 cm)-diameter holes and was isolated from the outer bucket by covering these holes with 64 μm mesh. Each bucket pair was fitted with an external PVC side arm connecting the bottom space of the outer bucket (5 l), which contained no larvae, to the internal bucket (10 l) with a short diffusing pipe along one side. The side-arm provided a location to aerate the culture water with gas away from the developing larvae and in turn generated a slow mixing current for the larvae within the inside bucket. Gas was bubbled to each culture chamber at a rate of 75 ml min -1 . The culture chambers were filled with seawater that was replaced at a rate of 0.5 l h -1 to provide fresh seawater without altering the pH. Experiments were not started, and therefore the urchins were not spawned, until the pH of each culture chamber had stabilized for at least 24 h. Water temperature was 15±0.5°C and dissolved oxygen levels did not fall below 7.9 mg O 2 l -1 . The pH of each chamber was monitored daily using a Radiometer Analytical PHM240 pH meter.
Following fertilization, each of the three replicate sea urchin larval cultures was divided in three such that there were three replicate cultures for each of the three CO 2 treatment conditions (i.e. a total of nine cultures). Fertilization of each batch of eggs was staggered by 2 h to allow us to closely monitor developmental timing and sample larvae based on their stage and not based on their time postfertilization. Larval development in each of the nine cultures was assessed at mid-gastrula (~29 h post-fertilization), an early prism (~40 h post-fertilization) and an early echinopluteus stage (~70 h post-fertilization). The timing of development varied slightly (within 1 h) between cultures from the three different females, but there were no visible differences in developmental timing as an effect of CO 2 treatment during the course of this experiment (see Fig. 1 ). In addition, there were no obvious developmental abnormalities for any of the stages and no mortality associated with any of the CO 2 treatments. Larvae were not fed during the experiments because of the short duration of the experiment (<72 h).
When larvae had reached an early prism stage (~40 h postfertilization), a sample of larvae was removed from each of the nine culture chambers for later gene expression analysis, using a customdesigned oligonucleotide microarray and quantitative PCR. Larvae from each sample were quickly pelleted by centrifugation for 5 s, the seawater was removed and 1 ml of TRIzol ® Reagent (Invitrogen, Carlsbad, CA, USA) was added. In order to rupture the larvae, samples were quickly vortexed, then passed slowly through a 21 gauge needle followed by a 25 gauge needle (three passes for each needle size) and frozen at -80°C for later RNA extraction.
RNA extraction
Total RNA was extracted from a sample of approximately 60,000 larvae from each of the three replicate cultures at each of the three CO 2 culture treatments (nine samples in total). Total RNA was isolated using the guanidine isothiocyanate method outlined by Chomczynski and Sacchi (Chomczynski and Sacchi, 1987) using TRIzol ® Reagent. Following extraction, RNA was processed through an additional clean-up step to remove tRNA and smallsized RNA degradation products. Dried total RNA pellets were resuspended in 0.1 ml of nuclease-free water. Following resuspension, 0.3 ml of 6 mol l -1 guanidine hydrochloride and 0.2 ml of 100% ethanol were added and the entire volume was loaded onto a filter cartridge (Applied Biosystems, Foster City, CA, USA and Ambion, Austin, TX, USA) and centrifuged for 1 min at 12,000 g at room temperature. Flow-through was discarded and filters were washed twice with 0.2 ml of 80% ethanol. RNA was eluted off the filters twice with 0.1 ml nuclease-free water. To precipitate RNA, 0.1 vol of 3 mol l -1 sodium acetate (pH 5.0) and 2.5 vol of 100% ethanol was added to the eluted RNA, the contents were mixed by vortexing and then incubated for 1 h at -80°C. After this period, tubes were centrifuged at 12,000 g for 20 min at 4°C. Pellets were rinsed twice with 80% ethanol and resuspended in 30 μl of nucleasefree water. RNA was quantified spectrophotometrically using a ND-1000 UV/visible spectrophotometer (NanoDrop Technologies, Wilmington, DE, USA) and electrophoresed on a 1.5% w/v agarose gel to verify RNA integrity. RNA was stored at -80°C.
Gene expression profiling with oligonucleotide microarrays
Microarray analysis was performed using a custom-designed oligonucleotide microarray developed to screen the expression patterns of genes central to the calcification process, acid-base compensation and ion regulation, the cellular stress response, apoptosis, cell cycle, development, metabolism, translational control of proteins and cell signaling in purple sea urchins (Sea Urchin Genome Sequencing Consortium, 2006). Gene sequences were obtained from the Sea Urchin Genome Project public database (Baylor College of Medicine, http://annotation.hgsc.bcm.tmc.edu/ Urchin/cgi-bin/pubLogin.cgi). Each of the 1057 genes on the microarray was represented by up to three different 60 base pair oligonucleotide probes generated using YODA (Yet-another Oligonucleotide Design Application) (Nordberg, 2005) and printed in triplicate on the microarray. This 8958-feature microarray was then multiplexed and printed four separate times on each slide (manufactured by Agilent Technologies, Santa Clara, CA, USA).
Microarray analysis was performed on larvae that were raised under the three different CO 2 conditions to an early prism stage (~40 h post-fertilization). First strand cDNA was synthesized from 10 μg of total RNA using anchored oligo(dT 23 V) and pdN6 random hexamer primers, amino-allyl dUTP and SuperScript III reverse transcriptase (Invitrogen). Each sample was labeled by indirect coupling with either Alexa Fluor 555 or Alexa Fluor 647 succinimidyl ester dyes (Invitrogen). The cDNA samples were checked spectrophotometrically (Nanodrop Technologies) to ensure high quality cDNA synthesis (>600 ηg) and dye incorporation (>8.0 ρmol dye per μg cDNA) before continuing to slide hybridization. The larval cDNA sample from each replicate Moderate CO 2 or High CO 2 culture was competitively hybridized against the Control CO 2 culture from the same-replicate female. Using dye swaps of technical replicates, treatment effects could be estimated independently of dye effects. This microarray design resulted in six arrays for each of the Control CO 2 versus Moderate CO 2 and the Control CO 2 versus High CO 2 comparisons.
Microarray normalization and statistical analysis
Data from the 12 microarrays were extracted using GenePix Pro 4.0 software (Molecular Devices, Sunnyvale, CA, USA). The data discussed here have been deposited in the National Center for Biotechnology Information (NCBI) Gene Expression Omnibus (GEO; www.ncbi.nlm.nih.gov/geo/) and are accessible through the GEO series accession number GSE13777. Normalization and data analysis were completed using R (R Development Core Team, 2008) with the limma software package (Linear Models for Microarray Data) (Smyth, 2005) . Intensity-dependent lowess normalization is the most commonly used method for eliminating labeling bias in dual channel microarray platforms (Yang et al., 2002) . The targeted array used in this experiment was designed to be a 'stressor'-responsive chip with 50% of the genes attributed to the defensome, biomineralization pathways, acid-base balance and ion regulation and apoptosis. To avoid violating assumptions of the number or degree of symmetry of differentially expressed genes, a global normalization for dye-bias was applied on a probe-by-probe basis, after averaging over log ratios from replicate probes within arrays, by including a dye effect in the linear model. Analysis of differential expression was based on empirical Bayes-moderated t-statistics (Smyth, 2004) and completed using R. A list was generated of the mean log fold change (FC) of gene expression and the corresponding moderated standard deviation (s.d.) of the genes that demonstrated statistically significant (P<0.05) expression differences between the Control and Moderate CO 2 treatments and between the Control and High CO 2 treatments. These moderated standard deviations were then used to back transform the log FCs to the upper (FCUL) and lower (FCLL) limits of fold changes in expression.
Gene expression profiling with quantitative PCR
Results from the microarray analysis were validated by measuring mRNA expression of a number of biomineralization and energy metabolism genes in the same larval RNA samples from the Control CO 2 and Moderate CO 2 groups using quantitative real-time PCR (qPCR). The relative levels of mRNA for cyclophilin 1
, and β-actin (NM_214469) in early prism larvae were determined using qPCR on an iCycler Thermal Cycler (Bio-Rad). Gene-specific primers were designed using Primer Express software (version 2.0.0; Applied Biosystems, Foster City, CA, USA). Primer sequences are listed in Table 1 . Quantitative PCR reactions were performed with 2 μl cDNA, 5ρmoles of each primer and 2ϫ SYBR Green Master Mix (Bio-Rad) to a total volume of 22 μl. All qPCR reactions were run as follows: 1 cycle of 94°C for 3 min, 40 cycles of 94°C for 20 s, 55°C for 20 s, 1 cycle of 94°C for 1 min, 1 cycle of 55°C for 1 min. At the end of each PCR reaction, PCR products were subjected to a melt curve analysis to confirm the presence of a single amplicon.
To quantify cyclophilin 1, MSP130, COLP3α, P16, Suclg1, Idh3a, Sdhb, Atp5d, Cox5b , Ndufs6 mRNA expression, one control cDNA sample was used to develop a standard curve for all primer sets relating threshold cycle to cDNA amount and this standard curve was run on each plate. All results were expressed relative to these standard curves and mRNA values were normalized relative to that of β-actin (see Table 1 for primer information). β-actin is a commonly used control gene in qPCR and specifically β-actin mRNA expression did not change in response to elevated CO 2 levels (data not shown), making it an appropriate internal control gene for this study.
RESULTS AND DISCUSSION
Recent global climate change models predict that ocean surface pH will fall by an estimated 0.2 to 0.4 units over the next century (Caldeira and Wicket, 2005; Intergovernmental Panel on Climate Change, 2007; Steinacher et al., 2008) . Essential to our ability to forecast how OA will impact marine organisms is an understanding of the mechanisms underlying their physiological capacity to tolerate changes in seawater pH. The transcriptomics approach of the present study has allowed us to capture the changes in gene expression that characterize the initial response to CO 2 -driven seawater acidification of developing sea urchin larvae. Following normalization of the microarray data, statistical analysis using empirical Bayes moderated t-statistics (Smyth, 2004) revealed subtle but significant changes in the transcriptome of larvae raised in the Moderate CO 2 (pH 7.96±0.01) and High CO 2 (pH 7.88±0.02) conditions when both groups were compared with larvae raised under Control (present) CO 2 conditions (pH 8.01±0.01). Genes were subsequently assigned to broad biological processes in order to determine the larger cellular pathways that were responsive to decreases in seawater pH that characterize OA.
Of the 1057 genes on the microarray, 83 genes had statistically significant fold changes in mRNA transcript levels in response to Moderate CO 2 and gene expression was decreased in response to elevated CO 2 in all cases ( Fig. 2A ; Table 2 ). Genes involved in biomineralization, the cellular stress response and energy metabolism accounted for 50% of this global reduction in gene expression ( Fig. 2A) . Fold changes in expression measured by qPCR for four biomineralization genes (cyclophilin, MSP130, COLP3α, P16) and six genes involved in energy metabolism (Suclg1, Idh3a, Sdhb, Atp5d, Cox5b, Ndufs6) closely matched those measured by microarray analysis (Table 3) . Changes in other biological processes were captured in this microarray analysis with translational control, ion regulation and acid-base balance, cell cycle and development accounting for 13.3%, 8.4%, 9.6% and 9.6%, respectively of the significant changes in gene expression.
In response to development under High CO 2 , 178 genes had significantly different expression when compared with larvae that developed under Control CO 2 ( Fig. 2B ; Table 4 ). Of these 178 genes, 90% (160 genes) had mRNA transcript levels that were significantly decreased in response to High CO 2 , with the remaining 10% (18 genes) having elevated expression in response to High CO 2 . Genes involved in apoptosis, the cellular stress response, and metabolism accounted for almost 70% of the significantly decreased transcriptomic changes in larvae that developed under High CO 2 (Fig. 2B) .
From a physiological perspective these results suggest that in general, larval urchins are not upregulating genes in various pathways to compensate for the effects of acidification and defend cellular homeostasis under elevated CO 2 conditions. Although the transcriptomic responses to Moderate and High CO 2 were distinct, with only 10 shared genes that were differentially regulated in Fig. 2 . Representation of genes, grouped by biological process, demonstrating significant foldchanges in mRNA transcript expression between early prism larvae cultured at Moderate CO 2 (A) or High CO 2 (B) and compared to larvae cultured at Control CO 2 . Data are presented as the percentage of genes found within a particular group relative to the total number of genes that showed significant changes in expression. Numbers within each piece of the pie chart represent the actual number of genes within a particular biological process. All mRNA transcript levels with significant changes in expression were found to be lower in the Moderate CO 2 group (A) and are presented in a single pie chart. In response to High CO 2 (B), the significant fold changes in gene expression were predominantly found to be decreased in the High CO 2 group (large pie chart) with only 10% of the genes found to be increased in the High CO 2 group (small pie chart). See Tables 2 and 4 for more information on the specific genes in these categories for Moderate CO 2 and High CO 2 , respectively.
response to both elevated CO 2 conditions; there was, however, considerable overlap in the biological processes that were regulated by decreased seawater pH. Overall, the results from this study confirm the importance of some pathways in the physiological
A. E. Todgham and G. E. Hofmann response to elevated CO 2 (for a review, see Pörtner et al., 2005) as well as provide insight into less targeted cellular pathways that are altered in response to CO 2 -driven acidification. In the sections below, we describe the changes in mRNA expression in five main processes (1) acid-base and ion regulation, (2) biomineralization and skeletogenesis, (3) cellular stress response, (4) metabolism and (5) apoptosis.
Acid-base and ion regulation
Much of the physiological research centered on the effects of elevated CO 2 has focused on mechanisms of acid-base regulation since the link between hypercapnia and internal acidosis is well established (for a review, see Heisler, 1989; Portner et al., 2005) . Although much of this research was conducted using high levels of environmental CO 2 that are significantly outside the range of predicted atmospheric CO 2 scenarios and resulting OA in the future (Intergovernmental Panel on Climate Change, 2007), they do provide us with a mechanistic framework to begin interpreting our gene expression changes with respect to shifts in acid-base status. The ability to regulate acid-base balance has been investigated in a number of adult urchin species (Spicer, 1995; Burnett et al., 2002; Miles et al., 2007) ; however, little is known about the capacity of urchin larvae to compensate for acid-base disturbances. Overall, invertebrates are poor acid-base compensators, especially when compared with vertebrates, and adult urchins specifically are unable to regulate internal acid-base status when exposed to both CO 2 -acidified water (1-1.5 pH unit decrease) (Miles et al., 2007) and emersion (Spicer et al., 1988; Burnett et al., 2002) . The primary method of acid-base regulation is ion exchange and a reliance on proton (H + ) and bicarbonate (HCO 3 -) transport through Na + /H + -and Cl -/HCO 3 -exchangers, respectively. As a result, a positive relationship exists between the capacity of a species for ionic regulation and acid-base compensation (Heisler, 1989 ). Although we did not measure changes in extracellular or intracellular pH that would result from the rapid diffusion of CO 2 and dissociation of carbonic acid into H + and HCO 3 -ions in different compartments within the animal, the changes in the transcriptome in response to both Moderate and High CO 2 suggest that acid-base compensation and ion regulatory pathways are affected by CO 2 -driven seawater acidification (Tables 2 and 4 , respectively). There was no significant effect of elevated CO 2 on the mRNA transcript levels of either Na (Pörtner et al., 2000) . Finally, in response to High CO 2 conditions, larvae had decreased mRNA levels of a Na + /Ca 2+ exchanger as well as a Na + /K + /Ca 2+ exchanger. In combination with the measured decrease in transcripts for a Ca 2+ -ATPase, these data suggest that larvae raised under elevated CO 2 may have a reduced capacity to transport Ca 2+ to the sites of calcification as a result of disturbances in ion regulation.
It is not possible from the results of the current experiment to determine whether these gene expression changes are in response to elevated internal H + concentrations from the dissociation of H 2 CO 3 that has in turn altered the internal ion gradients or are the result of the active suppression of ATP-dependent ion transporters in attempts to minimize energy demand (further discussion in Metabolism section). Future experiments that pair acid-base physiology with gene expression studies will be instrumental in our understanding of the molecular mechanisms regulating acid-base status in response to OA.
Biomineralization and skeletogenesis
Given the link between CO 2 -driven seawater acidification and decreases in carbonate ions in the oceans, research on the organismal impacts of OA has predominantly centered around calcifying marine organisms, focused largely on calcification (for a review, see Doney et al., 2009) . Physiologically, ocean carbonate levels are likely not the drivers of calcification, since generally animals transport bicarbonate across their epithelium from the seawater. However, the effects of internal P CO2 and pH on carbonate speciation within the calcification compartments would follow the same principles, depending on the organism's ability to regulate an internal acidosis and result in the effects on calcification that have been documented in response to elevated CO 2 . Although some studies have documented no (Langer et al., 2006) or a positive (IglesiasRodriguez et al., 2008; Wood et al., 2008) effect of OA conditions on calcification rate and skeleton formation, the majority of studies have demonstrated that OA conditions negatively impact these processes (e.g. Riebesell et al., 2000; Langdon and Atkinson, 2005; Gazeau et al., 2007; Kurihara et al., 2007; Kuffner et al., 2007) . In the present study, mRNA transcripts for genes central to skeletogenesis and the calcification process were decreased in urchins raised under both Moderate CO 2 and High CO 2 conditions (Tables 2 and 4), suggesting that these larvae may not have the capacity to upregulate biomineralization pathways to compensate for the effects of elevated CO 2 under future emission scenarios.
The cellular and molecular mechanisms of biomineralization and skeletogenesis of the echinoderm larval endoskeleton are well documented (for reviews, see Killian and Wilt, 2008; Mann et al., 2008) . Skeletogenesis is performed by the primary mesenchyme cells (PMCs), which are responsible for providing the biomineral, amorphous calcium carbonate, and the proteins necessary for the formation of the organic matrix. Although the specific transcripts that changed in expression in response to Moderate CO 2 and High CO 2 conditions differed for the most part, overall there was a consistent downregulation of genes involved in both the sequestration and binding of Ca 2+ for mineral deposition during spicule formation and skeletogenesis. Culture at Moderate CO 2 and High CO 2 levels resulted in significantly lower mRNA transcript levels of Msp130, a gene that encodes a PMC-specific cell surface glycoprotein that is thought to be involved in the binding and sequestration of Ca 2+ ions to the surface of the PMCs for subsequent deposition into the growing skeleton (Farach-Carson et al., 1989) . Similarly, gene expression of the related proteins Msp130-related 3 and Msp130-related 6 were lower in larvae from Moderate CO 2 and High CO 2 conditions, respectively. Furthermore, mRNA transcripts of a number of genes involved in the binding of Ca 2+ for skeletogenesis were decreased in response to Moderate CO 2 (e.g. osteonectin) and High CO 2 conditions (e.g. serine rich protein 12, SPARC-like and Casr, a Ca 2+ receptor involved in biomineralization) (Livingston et al., 2006) . Exposure to elevated CO 2 changed the expression patterns of genes in the gene regulatory network (GRN), a series of genes that specify the differentiation of the skeletogenic micromere lineage of cells during larval development in sea urchins (for reviews, see Oliveri et al., 2008; Ettensohn, 2009 (Table 4 , Biomineralization) were significantly lower in larvae that developed under High CO 2 . Although these particular genes are important during the initiation of this regulatory cascade early in development (<18h post-fertilization), changes in expression later in development, as measured in the present study (40 h post-fertilization), might still be manifested upstream and affect the activation of genes central to biomineralization in PMCs.
A. E. Todgham and G. E. Hofmann There were a number of differences in the patterns of gene expression in response to the different levels of elevated CO 2 suggesting the degree of CO 2 -driven seawater acidification could regulate the biomineralization and skeletogenesis pathway through different mechanisms. Whether these differences will result in differences in growth and structure of the larval skeleton is unknown, but these data provide some of the first information on how this biological process is regulated by extrinsic environmental factors. Larvae that developed under Moderate CO 2 had significantly lower levels of mRNA transcripts for four different collagens as well as for genes that play an important role in skeleton elongation and growth (P16, P16-like and a number of cyclophilin genes; Table 2 ). Collagens, which are secreted by the PMCs, are essential for the extracellular environment needed by the PMCs as they provide an important substrate for skeletogenesis (Benson et al., 1990) . P16 is a small transmembrane protein that is thought to play an important role in skeletal rod elongation (Cheers and Ettensohn, 2005) . Cyclophilins are a subfamily of the peptidyl prolyl cis-trans isomerases and although their exact function is still unknown, their involvement in larval spicule formation is clear (Amore and Davidson, 2007) . Larvae that developed under High CO 2 had significantly different levels of five mRNA transcripts that encode for carbonic anhydrase (CA; Table 4 ). CA catalyzes the hydration of CO 2 and with respect to biomineralization in urchins, this is important for providing the carbonate needed for the mineralization of calcite. It has been shown that inhibitors of CA block spicule formation in vivo in developing sea urchins (Mitsunga et al., 1986) . There have been 19 CA genes that have been identified in the genome of S. purpuratus, but there is little information on the localization and expression patterns of these genes in either the larvae or the adults. Only CA-7 like A (SPU_012518) has been characterized in urchins and mRNA transcript levels for this gene are highly expressed during skeletogenesis in prism stage larvae and highly expressed in the spines of adult urchins (Livingston et al., 2006) . In response to exposure to High CO 2 , mRNA transcript levels of CA-7 like A were significantly elevated. This was the only gene involved in biomineralization and skeletogenesis found to have significantly increased expression in response to elevated CO 2 . The other four CA transcripts with differential expression were all found in significantly lower levels in larvae that were raised under High CO 2 conditions. The involvement of these four CAs in biomineralization has yet to be characterized but given the role of CA in acid-base compensation, it is probable that one or more of them may be regulated by the acid-base imbalance that could have resulted from the decrease in environmental pH.
Cellular stress response
The cellular stress response, also referred to as the defensome, is a well-conserved and generalized defense reaction that protects macromolecules (e.g. proteins and DNA) from physical, chemical and biological stressors (for a review, see Kültz, 2005) . Although, in animals, early developmental stages are often considered the most vulnerable to changes in environmental conditions, these larval stages have a number of cellular defenses to buffer the effects of environmental stressors (Goldstone et al., 2006; Hamdoun and Epel, 2007) . Urchin larvae that developed under both Moderate CO 2 and High CO 2 conditions expressed significantly lower mRNA transcript levels (when compared with Control CO 2 larvae) of a number of genes involved in the cellular stress response, particularly those important for maintaining protein integrity (e.g. molecular chaperones and components of the ubiquitin-proteasome pathway of protein degradation), defending against oxidative stress (e.g. antioxidants and oxidoreductases) and the efflux and defense against toxicants, metals and xenobiotics (Tables 2 and 4 ). In addition, development under High CO 2 conditions resulted in urchin larvae having significantly lower expression of a number of mRNA transcripts that are involved in the adrenergic stress, or 'fight or flight', response (Table 4) .
As CO 2 -driven seawater acidification was increased from Moderate CO 2 to High CO 2 conditions, there was an increase in the number of genes involved in the cellular stress response for which the mRNA transcript levels were significantly downregulated (i.e. from 11 to 35 mRNAs), suggesting a dose-dependent effect of seawater acidification on the cellular stress response. For the most part, these mRNA transcripts were spread between similar cellular defense pathways suggesting that both groups of larvae raised in elevated CO 2 conditions may have reduced capacity to defend the cell against protein denaturing stressors, oxidative damage and chemical and metal toxicity. Larvae raised under Moderate CO 2 and High CO 2 had significantly lower mRNA transcript levels of a number of different heat shock proteins (Hsps) such as Hsp40 under Moderate CO 2 (Table 2 ) and two Hsp20s, four Hsp70s and Hsp100 under High CO 2 (Table 4) . Acting as molecular chaperones, these proteins play an important role in protein quality control and defend the cell from the cytotoxic accumulation of damaged or misfolded proteins (Wickner et al., 1999; Sherman and Goldberg, 2001) . Paired with decreases in mRNA transcripts for proteins involved in other aspects of protein homeostasis such as protein folding (UBXD1, High CO 2 ) and degradation (e.g. PSMC3, NSFL1C, Moderate CO 2 ), these transcriptomic responses to seawater acidification suggest that these larvae may be unable to defend against protein denaturing stressors.
Exposure to CO 2 -driven seawater acidification also resulted in urchin larvae having decreased levels of a number of mRNA transcripts of genes involved in protecting the cell from oxidative damage that results from the generation of reactive oxygen species in response to a variety of stressors, including elevated temperature and toxicants (Lesser, 2006) . Specifically, a number of mRNA transcripts for glutathione S-transferases were decreased in both the Moderate CO 2 (MGST-3, GST pi) and the High CO 2 (MGST-2, GST-12) larvae and for a glutathione peroxidase (Gpx1) in the High CO 2 larvae.
Finally, larvae that developed under elevated levels of CO 2 had significantly lower levels of a variety of mRNA transcripts for proteins that are part of the chemical defensome against toxicants, metals and xenobiotics (Goldstone et al., 2006) . Both groups of larvae that developed under conditions of increased seawater acidification had decreased levels of mRNA transcripts for proteins involved in the oxidative (e.g. cytochrome P450s and flavincontaining monooxygenases) and conjugative (e.g. UDPglucuronosyl transferases and N-acetyl transferases) biotransformation of toxicants and for proteins involved in metal detoxification (e.g. transferrin and ferritin). In addition, larvae that were raised under High CO 2 had significantly lower levels of a number of the ATP-binding cassette (ABC) family of efflux transporters that play an important role in pumping large organic molecules such as toxic compounds out of cells (Hamdoun and Epel, 2007) .
The decreased expression of genes that are important in protecting the integrity of the cell in the face of environmental change under modest seawater acidification events (0.05 and 0.13 pH units for Moderate CO 2 and High CO 2 , respectively) is somewhat unexpected. These results suggest that either moderate acidification of the seawater had little effect on the integrity of the cell and as a result these pathways were downregulated, or that these larvae did not have the capacity to maintain these protective mechanisms in the face of elevated CO 2 , and that the cellular stress response pathway was impaired at the molecular level. Both scenarios are potentially worrisome and may highlight one of the possible 'costs' for urchin larvae growing up in a high CO 2 world. If the elevated CO 2 exposure results in the downregulation of the cellular stress response, as the gene expression profiles of this study suggest, this could greatly reduce the organism's capacity to tolerate additional stressors, which require similar defense mechanisms. A recent study demonstrated that S. franciscanus larvae raised under similar elevated CO 2 conditions as the current study had a reduced and delayed hsp70 response to heat shock (O'Donnell et al., 2009) , lending support to the idea that the cellular stress response may be impaired by exposure to CO 2 , at least at the molecular level. Climate change scenarios predict 2-4°C increases in sea surface temperature (Intergovernmental Panel on Climate Change, 2007) and combined with the increased occurrence of hypoxic zones (Chan et al., 2008) in the California Current Large Marine Ecosystem, these subtle changes in gene expression in response to elevated CO 2 may not be trivial in a multi-stressor environment.
Metabolism
The cellular, biochemical and physiological responses of organisms to changes in environmental conditions are very energy demanding processes. As a result, changes in metabolism, routinely measured as changes in metabolic rate, are very common when an organism encounters a novel environment. To minimize energy debt, organisms tend to maintain energy balance, matching energy supply to energy demand (Hochachka and Somero, 2002) . How an organism alters its metabolism can tell us a great deal about how an organism is responding to environmental change. An increase in ATP production suggests that there is an increased demand for ATP associated with maintaining cellular homeostasis in the face of changing conditions; whereas a decrease in metabolism can suggest that there is an decreased demand for ATP or that an organism has actively suppressed its metabolism and is waiting for more favorable conditions to return. Exposure of urchin larvae to both Moderate CO 2 and High CO 2 conditions resulted in a significant decrease in mRNA transcripts for a large number of metabolic genes. These transcriptomic changes suggest that metabolism is downregulated in response to CO 2 -driven seawater acidification in urchin larvae.
We documented a subtle but unanimous and significant decrease in mRNA levels of genes central to energy metabolism, or the production of ATP, in urchins that developed under Moderate CO 2 (Table 2 ). This transcriptomic response was evident for genes involved in both the tricarboxylic acid cycle (e.g. succinyl-CoA synthetase and succinate dehydrogenase) and the electron transport chain (e.g. a number of ATP synthases and NADH dehydrogenases). These gene expression profiles suggest that these larvae may either have a reduced demand for ATP and have downregulated this pathway in compensation or that they may have a reduced capacity to generate ATP. It is noteworthy that along with the decreased expression of genes involved in ATP supply through oxidative phosphorylation, culture in Moderate CO 2 conditions resulted in a significant decrease in expression of genes involved in a number of energetically costly processes such as ion regulation using ATPases (e.g. Na Table 2 ). Protein synthesis and the sodium pump (Na + /K + -ATPase) are the two biochemical processes with the greatest metabolic demand on developing sea urchin larvae (Leong and Manahan, 1997; Pace and Manahan, 2006) . With the present analysis, it is not possible to determine which came first in the coordinated downregulation of these ATP supply and demand pathways. One explanation is that the there is a decrease in ion transport or transport capacity associated with the acid-base disturbance associated with elevated CO 2 (discussed above under Acid-base and ion regulation) and this has decreased the demand for ATP. An alternate explanation is that the decreased expression of genes central to pathways of both energy supply and demand is an indication that these larvae undergoing many of the molecular hallmarks of metabolic suppression.
Metabolic suppression as an adaptive strategy to survive harsh environmental conditions is well documented (Hand, 1991; Guppy and Withers, 1999; Storey and Storey, 2004) . Although a number of studies have documented a decrease in metabolic rate (Reipschläger and Pörtner, 1996; Pörtner et al., 1998; Michaelidis et al., 2005; Rosa and Seibel, 2008) and growth (Harris et al., 1999; Michaelidis et al., 2005) with exposure to high CO 2 environments, for the most part these studies have examined the effect of CO 2 levels that are extremely high (~5,000-10,000p.p.m.) and well above the projected climate change scenarios for the next century. The data here show that urchin larvae could be inducing such a response to a moderate acidification event (0.05 pH unit decrease), something that is considered inevitable in the next 90 years. Suppressing metabolism, through the coordinated downregulation of ATPutilizing and ATP-generating cellular functions, can prolong an organism's tolerance to a particular environment and therefore can be beneficial in the short-term. However, with chronic metabolic suppression in response to increased CO 2 , the costs to the development of urchin larvae could outweigh the short-term benefits and would certainly lead to decreased growth and potential disruption of development in the long-term. Furthermore, the acid-base and ionoregulatory disturbances associated with metabolic suppression (such as decreases in Na Transcriptomic changes of metabolic genes accounted for almost one quarter (24.4%) of all significant changes in gene expression in response to High CO 2 . In contrast to the mRNA transcript response to Moderate CO 2 that centered on that pathway of energy metabolism, development under High CO 2 resulted in decreased expression of mRNA transcripts involved in metabolite transport and enzymatic conversion of these metabolites (Goel and Mushegian, 2006) . In larvae that developed under High CO 2 conditions, there was a widespread decrease in the mRNA transcripts of genes important to carbohydrate, amino acid and lipid metabolism (Table4). Although the majority of these decreases in mRNA transcript levels were for genes that encoded metabolic transporters (e.g. glucose transporters involved in carbohydrate metabolism), there was also decreased expression of genes for enzymes that catalyze these metabolites, making them available for energy production (e.g. lactate dehydrogenase and malate dehydrogenase). The transcriptomic response of High CO 2 larvae suggest that these early life history stages may have either a reduced demand or a reduced capacity to mobilize, transport and metabolize sources of fuel necessary to generate the ATP for life's critical functions such as growth or locomotion. Similar to the transcriptomic response to Moderate CO 2 , levels of mRNA transcripts for proteins involved in the cellular processes that require ATP, such as ATPases (e.g. H + /K + -ATPase and Ca
2+
-ATPase) and protein synthesis (e.g. seven translational control factors) were decreased in response to High CO 2 . These changes in the transcriptome may indicate that larvae in High CO 2 conditions are also actively decreasing their demand for ATP.
Taken together, this transcriptomic analysis of metabolic genes in response to two different levels of CO 2 -driven seawater acidification suggests that metabolism may be impacted by ocean acidification. Although the underlying mechanisms that regulate metabolism in response to decreased seawater pH appear to be different under the two CO 2 treatments of the current experiment, ultimately they both could influence the capacity of these larvae to metabolize fuel sources and generate ATP. Recent studies in our laboratory have confirmed the effects of a CO 2 -driven 0.15 unit decrease in seawater pH (decreased from 7.93 to 7.78) on expression of genes involved in energy metabolism in echinopluteus larvae of another temperate sea urchin, Lytechinus pictus (M. J. O'Donnell. A.E.T., M. A. Sewell, L. M. Hammond, K. Ruggiero, N. A. Fangue, M. L. Zippay and G.E.H., submitted). Future studies on both metabolic rate and growth in developing sea urchins are necessary to examine how these changes at the molecular level are transduced at the whole animal level and whether these future ocean conditions will impact organismal performance.
Apoptosis
Apoptosis, or programmed cell death, is an important physiological process for getting rid of unwanted cells (for a review, see Hengartner, 2000) . In addition to its role in eliminating cells that have been damaged by stress, disease or mutation, apoptosis plays a critical role in cellular remodeling during development and morphogenesis (Jacobson et al., 1997; Vaux and Korsmeyer, 1999) . We documented a wide-spread (33 genes, almost 20% of all significant fold changes in gene expression) decrease in mRNA transcript abundance of numerous genes central to apoptosis in larvae that developed under High CO 2 conditions (Table 4 ). This is in contrast to the pattern of gene expression that we documented in larvae raised under Moderate CO 2 in which the mRNA transcript levels of only four genes involved in apoptosis were significantly decreased and two of these were negative regulators of apoptosis (e.g. BIRC5 and BIRC6; Table 2 ). These data could suggest that some threshold was passed with respect to apoptosis under High CO 2 and this pathway was being downregulated in response to seawater acidification.
The process of apoptosis is tightly controlled and can be activated by both intrinsic as well as extrinsic signals through different signaling pathways (Budihardjo et al., 1999) . Considerable research has focused on the identification the genes involved in the initiation, execution and regulation of apoptosis in several species (for reviews, see Danial and Korsmeyer, 2004; Riedl and Shi, 2004) , including S. purpuratus (Robertson et al., 2006) . Caspases, a family of cysteine aspartyl proteases, are the executioners of apoptosis (Riedl and Shi, 2004) and different subfamilies of caspases are activated by signals from either the mitochondria (intrinsic pathway) or transmembrane death receptors on the cell surface (extrinsic pathway). Gene expression profiles of the present study suggest that the cell-extrinsic pathway of apoptosis was downregulated by High CO 2 . Larvae raised under High CO 2 conditions had decreased mRNA transcript levels of a number of cell surface death receptors (e.g. HVEM and Troy) , some of their specific ligands (e.g. Tnfsf-like 1 and Tnfsf-like 3) as well as some of the adaptor molecules (e.g. TRAF3, TRAF4 and TRAF6) that transduce the apoptotic signal to the initiator caspases (e.g. caspase 8-like 2a, caspase 8-like 2b and caspase 8-like 3), which were also significantly decreased. The last caspase before cell death, caspase3/7-like, which receives signals from both the extrinsic and intrinsic apoptotic signaling pathway, was also significantly decreased in larvae from the High CO 2 treatment. In addition to the genes with well characterized roles in apoptosis, a number of genes for novel caspases (four genes) as well as ICE-like caspases (five genes) that have only recently been described for sea urchins (Robertson et al., 2006) were found to be expressed in lower levels in larvae raised under High CO 2 . Taken together, these gene expression profiles provide insight into the reduced apoptotic capacity of larvae that develop under elevated CO 2 conditions.
Reduced apoptotic capacity could have consequences for development and morphogenesis of new structures and tissues. Although the functionality of apoptosis during development in sea urchins has yet to be demonstrated, apoptosis has been shown to occur in many stages of development (Voronina and Wessel, 2001) as well as during metamorphosis (Roccheri et al., 2002) . In this study, we did not see a developmental delay as a consequence of larvae being raised in elevated CO 2 conditions for 40 h (Fig. 1) . The results from the current study are consistent with previous research that showed CO 2 -driven seawater acidification did not affect early development of sea urchin embryos at pH levels predicted for 2100 by the IPCC [e.g. Hemicentrotus pulcherrimus and Echinometra mathaei (Kurihara and Shirayama, 2004) ; Heliocidaris erythrogramma (Byrne et al., 2009)] . It is possible that if development was continued under conditions of seawater acidification for longer periods of time that development might be slowed or that developmental abnormalities might increase as a result of the larvae being unable to remodel their cells appropriately during morphogenesis. This may be particularly important in an organism like a sea urchin that has a biphasic life cycle and that undergoes major remodeling during metamorphosis from a bilaterally symmetrical larva to a radially symmetrical juvenile.
Summary and linkages to larval ecology
As demonstrated by significantly lower mRNA transcript levels of genes central to biomineralization, the cellular stress response, metabolism and apoptosis, this study has identified OA scenarios where physiological resistance and tolerance has the potential to fail in larval urchins. Although this is a short duration experiment demonstrating significant but subtle effects at the level of the transcriptome, chronic exposure to elevated CO 2 could culminate in more pronounced physiological changes for larvae during their entire pelagic stage. For example, the inability to compensate for these 'acidified' waters with only 40 h of exposure may have substantial downstream effects on larval development, growth, stress tolerance and settlement. This may be especially critical for urchin larvae in cold-water marine ecosystems. Previous research has shown that changes in ocean temperature could have a profound effect on larval dispersal via impacts on planktonic larval duration (O'Connor et al., 2007) , with larvae of species found in colder-water habitats spending longer times in the water column. As a result, cold-water species with longer pelagic larval stages would be more vulnerable to OA. Combined with the predictions that high latitude seas are expected to experience the significant impacts of OA very soon (Orr et al., 2005; Steinacher et al., 2008) , the ramifications for such a key life-history stage could be significant for the distribution and abundance of cold-temperate purple sea urchins.
As the number of studies on the biological impacts of OA increase, one pattern that is emerging is that there is variation in the response to OA, something that might not be unexpected given the differences in the habitats, life history strategies and evolutionary history of different taxa (Fabry, 2008; Andersson et al., 2008; Aronson et al., 2009 ). This diversity of biological responses makes it difficult to make strong predictions about the future impacts of OA and define caps for atmospheric CO 2 emissions to best protect our marine ecosystems. In addition, our inability at present to separate out the effects of pH on acid-base status from that of CO 2 directly, limits our mechanistic understanding of the species-specific sensitivity of various physiological processes to CO 2 -driven ocean acidification. A genomics-based approach using transcriptomics to assess physiological capacity in diverse taxa may be an important tool in identifying the common 'weak links' in physiological function that prevent an organism from tolerating any additional acidification of their marine environment. It is clear from the present study that pathways other than calcification are impacted greatly, suggesting that overall physiological capacity, and not just a singular focus on biomineralization processes, is essential to our understanding of the costs and consequences of living in a high CO 2 ocean.
